Abstract Alzheimer's disease (AD) involves several possible molecular mechanisms, including impaired brain insulin signaling and glucose metabolism. To investigate the role of metabolic insults in AD, we injected streptozotocin (STZ), a diabetogenic compound if used in the periphery, into the lateral ventricle of the 6-month-old 3xTg-AD mice and studied the cognitive function as well as AD-like brain abnormalities, such as tau phosphorylation and Aβ accumulation, 3-6 weeks later. We found that STZ exacerbated impairment of short-term and spatial reference memory in 3xTg-AD mice. We also observed an increase in tau hyperphosphorylation and neuroinflammation, a disturbance of brain insulin signaling, and a decrease in synaptic plasticity and amyloid β peptides in the brain after STZ treatment. The expression of 20 ADrelated genes, including those involved in the processing of amyloid precursor protein, cytoskeleton, glucose metabolism, insulin signaling, synaptic function, protein kinases, and apoptosis, was altered, suggesting that STZ disturbs multiple metabolic and cell signaling pathways in the brain. These findings provide experimental evidence of the role of metabolic insult in AD.
Introduction
Alzheimer's disease (AD) is the leading cause of dementia and is characterized by progressive loss of memory and other cognitive functions. The histopathological hallmarks of AD are extracellular amyloid-β (Aβ) plaques and intracellular neurofibrillary tangles (NFTs). Most of AD cases are sporadic, which are multifactorial and involve several different molecular mechanisms and etiological factors [8, 30] .
One common early brain abnormality in AD is an impairment of brain glucose uptake/metabolism, which occurs many years before the first symptoms appear [15, 28, 55, 62] , suggesting that the impaired glucose uptake/metabolism could be a cause of neurodegeneration or be mechanistically involved in AD. The impairment of brain glucose metabolism correlates well with the clinical symptoms of AD [25, 45] . Our recent studies demonstrated that decreased insulin signaling and glucose transporters in AD brain [36] [37] [38] have provided a potential cause for the impaired brain glucose uptake/ metabolism in this disease. This paper is dedicated to late Inge Grundke-Iqbal, Ph.D., who made seminal contributions to our understanding of neurofibrillary degeneration in Alzheimer's disease. Y. Chen and Z. Liang contributed equally to this work.
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To investigate the role of disturbed brain insulin signaling and impaired brain glucose uptake/metabolism in AD, we injected streptozotocin (STZ), a diabetogenic compound that causes pancreatic β cell death and insulin resistance when administered peripherally, into the lateral ventricle of 3xTg-AD mice and studied the effects of intracerebroventricular (icv) STZ on cognitive functions, as well as tau phosphorylation, Aβ accumulation, and other related abnormalities in the mouse brains. It has been reported that the central administration of STZ causes dysregulated brain insulin signaling [17, 24, 57] and abnormalities in cerebral glucose utilization/ metabolism accompanied by an energy deficit [29, 46] . The 3xTg-AD mice harbor three mutant human transgenes-PS1 M146V , APP Swe , and tau P301L [31, 47, 48] -and develop amyloid plaques, NFTs, and cognitive deficits in an agedependent manner [5, 12, 42] . This AD mouse model has been well characterized and widely used in the AD field.
In the preset study, we found that administration of STZ into the brain exacerbated cognitive deficits in the 3xTg-AD mice, which were accompanied by an increase in tau hyperphosphorylation and neuroinflammation, a disturbance of insulin signaling, a decrease in synaptic plasticity and amyloid β peptides, and alterations of the expression of 20 AD-related genes in the brain.
Materials and Methods

Antibodies and Reagents
Primary antibodies used in this study are listed in Table 1 . Peroxidase-conjugated antimouse and antirabbit IgG were obtained from Jackson ImmunoResearch Laboratories (West Grove, PA, USA). The enhanced chemiluminescence kit was from Pierce (Rockford, IL, USA). ABC staining system was from Santa Cruz Biotechnology (CA, USA). Human Aβ and Aβ enzyme-linked immunosorbent assay (ELISA) kits were from Invitrogen (Carlsbad, CA, USA). RT 2 Profiler PCR Array system was from Qiagen (Valencia, CA, USA). Other chemicals were from Sigma (St. Louis, MO, USA).
Animals
The homozygous 3xTg-AD mouse harboring PS1 M146V , APP Swe , and tau P301L transgenes and the wild-type (WT) control mouse (a hybrid of 129/Sv and C57BL/6 mice) were initially obtained from F.M. LaFerla through the Jackson Laboratory (New Harbor, ME, USA). Mice were housed (four to five animals per cage) with a 12/12 h light/dark cycle and with ad libitum access to food and water. The housing, breeding, and animal experiments were in accordance with the approved protocol from our Institutional Animal Care and Use Committee, according to the PHS Policy on Human Care and Use of Laboratory animals (revised March 15, 2010) .
The 3xTg-STZ mice were produced by stereotaxic injection of STZ [2-deoxy-2-(3-(methyl-3-nitrosoureido)-Dglucopyranose), from Sigma-Aldrich, St. Louis, MO] into the left lateral ventricle of the 3xTg-AD mice (female, 6 months old). Briefly, mice were first anesthetized using 2.5 % avertin (2,2,2-tribromoethanol, Sigma-Aldrich), a commonly used anesthetic for mice which produce a wide anesthetic window, and then restrained onto a stereotaxic apparatus. The bregma coordinates used for injection were −1.0 mm lateral, −0.3 mm posterior, and −2.5 mm below. Each mouse received a single icv injection of 3.0 mg/kg STZ in 3.0 μl 0.9 % saline into the left ventricle of the brain. The control WT mice and the control 3xTg-AD mice (all female, 6 months old) were treated identically but with vehicle (0.9 % saline) only. Twenty-one days after icv injection, the mice were subjected to a battery of behavioral tests which lasted for 3 weeks (Fig. 1a) . Finally, the mice were killed by decapitation, and the brains were removed immediately. The hippocampus, cerebral cortex, subcortical structures, cerebellum, and brain stem were dissected, flash frozen in dry ice, and stored at −80°C for biochemical analyses at a later date. Some brains were fixed with 4 % paraformaldehyde in 0.1 M phosphate-buffered saline (PBS), followed by cryoprotection in 30 % sucrose. Sagittal sections (40-μm thick) were cut using a freezing sliding microtome. The sections were stored in glycol antifreeze solution (ethylene glycol, glycerol, and 0.1 M PBS in 3:3:4 ratio) at −20°C until immunohistochemical staining.
In this study, we included 18 3xTg-saline mice, 26 3xTg-STZ mice, and 18 WT-saline mice for behavioral tests, and seven to nine mice per group for biochemical and immunohistochemical analyses. Female 3xTg-AD mice aged 6 months old were used in this study because these mice start to show AD-related brain abnormalities (but not NFTs or amyloid plaques) and cognitive impairment at this age [5, 12, 42] , which would give a good window to investigate the effects of STZ, and because young female 3xTg-AD mice develop behavioral deficits faster than the male mice [12] , which would facilitate our study.
Elevated Plus Maze
Elevated plus maze was used to evaluate anxiety/emotionality of the mice. It consisted of four arms (30×5 cm) connected by a common 5×5 cm center area. Two opposite facing arms were open (OA), whereas the other two facing arms were enclosed by 20-cm high walls (CA). The entire plus-maze was elevated on a pedestal to a height of 82 cm above floor level in a separated room from the investigator. The mouse was placed onto the central area facing an open arm and allowed to explore the maze for a single 8-min session. Between each session, any feces were cleared from the maze, and the maze floor was cleaned with 70 % alcohol to remove any urine or scent cues. The number of CA entries, OA entries, and the amount of time spent in CA and OA were recorded by a video tracking system (ANY-Maze version 4.5 software, Stoelting Company, Wood Dale, IL, USA).
Open Field
Anxiety and exploratory activities were evaluated by allowing mice to freely explore an open field arena for 15 min. The testing apparatus was a classic open field (i.e., a polyvinyl chloride square arena, 50×50 cm, with walls 40 cm high), surmounted by a video camera connected to a computer. Each mouse was placed individually in the arena and the performance was monitored and the time spent in the center and peripheral area and the distance traveled in the arena were automatically recorded by a video tracking system (ANYMaze version 4.5 software, Stoelting Co.).
One-Trial Object Recognition Task
Mice were tested for one-trial object recognition based on the innate tendency of rodents to differentially explore novel objects over familiar ones in an open field arena, using a procedure modified from a previous description [58] . The procedure consisted of three different phases: a habituation phase, a sample phase, and a test phase. Following initial exposure, four additional 10-min daily habituation sessions were introduced to mice for becoming familiar with the apparatus and the surrounding environment. On the fifth day, every mouse was first submitted to the sample phase of which two identical objects were placed in a symmetric position from the center of the arena and was allowed to freely explore the objects for 5 min. After a 15-min delay during which the mouse was returned to its home cage, the animal was reintroduced in the arena to perform the test phase. The mouse was then exposed to two objects for another 5 min: a familiar object (previously presented during the sample phase) and a novel object, placed at the same location as during the sample phase. Data collection was performed using a video tracking system (ANY-Maze version 4.5 software, Stoelting Co.). Object discrimination was evaluated by the index: [(time spent exploring the new object)/(time spent exploring both old and new objects)] during the test phase.
Accelerating Rotarod Test
Motor coordination and balance of mice were assessed by using a Rotarod test. Test on accelerating Rotarod was conducted by giving each mouse two sessions of three trials on a rotating cylinder. The speed increased steadily from 4 to 40 rpm over a 5-min period. The latency to fall off the Rotarod was calculated. Inter-trial intervals were 10-15 min for each mouse.
Morris Water Maze
Spatial reference learning and memory were evaluated in a water maze adapted from that previously described by Morris and collaborators [44] . The test was performed in a white pool of 180 cm in diameter filled with water tinted with non-toxic white paint and maintained at room temperature (21±2°C). During training, a platform (14 cm in diameter) was submerged 1 cm below water surface. All mice were given four trials per day for four consecutive days. The starting position was randomized among four quadrants of the pool. For each trial, the animal was given 90 s to locate the hidden platform. If a mouse failed to find the platform within 90 s, it was gently guided to it. At the end of each trial, the mouse was left on the platform for 20 s, then dried and returned to its home cage until the next trial. Probe trial was given 24 h after the last day of training. During the probe trial, mice were allowed to swim in the pool without the escape platform for 60 s. The latency to reach the platform site (seconds), swim distance (centimeters), and swim speed (centimeters/second) were recorded using an automated tracking system (Smart video tracking system, Panlab, Harvard Apparatus).
Western Blot Analysis
The hippocampi of the mouse brains were homogenized in pre-chilled 50 mM Tris-HCl buffer (pH 7.4) containing an OGlcNAc transferase inhibitor (20 μM UDP), an O-GlcNAcase inhibitor (50 mM N-acetylglucosamine), protein phosphatase inhibitors (2 mM Na 3 VO 4 , 50 mM NaF and 20 mM Glycero-P) and protease inhibitors (2.0 mM EGTA, 0.5 mM AEBSF, 10 μg/ml aprotinin, 10 μg/ml leupeptin, and 4 μg/ml pepstatin A). Protein concentrations of the homogenates were determined by using modified Lowry method [4] . The samples were resolved in 10 or 12.5 % sodium dodecyl sulfate polyacrylamide gel electrophoresis and electrotransferred onto Immobilon-P membrane (Millipore, Bedford, MA, USA). The blots were then probed with primary antibody and developed with the corresponding horseradish peroxidiseconjugated secondary antibody and enhanced chemiluminescence kit (Pierce, Rockford, IL, USA). Densitometric quantification of protein bands in Western blots were analyzed by using the TINA software (Raytest IsotopenmeBgerate GmbH, Straubenhardt, Germany).
Immunohistochemical Staining
Floating sections were incubated for 30 min with 0.3 % H 2 O 2 and 0.3 % Triton X-100 for 15 min at room temperature, washed in PBS, and blocked in a solution containing 5 % normal goat serum and 0.1 % Triton X-100 for 30 min. Sections were then incubated overnight at 4°C with primary antibody before applying biotinylated secondary antibody and then avidin/biotinylated horseradish peroxidase (Santa Cruz Biotechnology). The sections were stained with peroxidase substrate and then mounted on microscope slides (Brain Research Laboratories, Newton, MA, USA), dehydrated, and covered with coverslips.
Aβ Measurements
Hippocampal levels of both total Aβ 1-40 and Aβ were measured by ELISA kits from Invitrogen (Carlsbad, CA, USA) using specific antihuman Aβ antibodies. Briefly, the right hippocampi were homogenized in 8× volume of 5.0 M guanidine HCl in 50 mM Tris-HCl (pH 7.6) and incubated for 4 h at room temperature. The homogenates were then diluted with the cold reaction buffer prepared according to the manufacturer's instruction and centrifuged at 16,000×g at 4°C for 20 min. The resulting supernatants were further diluted in standard diluent buffer in order to reach a final 0.1 M guanidine concentration. Both Aβ and Aβ 1-42 levels were subsequently measured according to the manufacturer's instructions.
RT 2 Profiler PCR Array
The expression profiles of 84 AD-related genes in the mouse brain were analyzed using a custom-designed RT 2 Profiler PCR Array system from Qiagen (Valencia, CA, USA) according to manufacturer's instruction. Briefly, total RNA was isolated from the cerebral cortical and hippocampal samples using the RNeasy Mini kit (Qiagen). Only RNA samples with A260/A230 ratios greater than 1.8, A260/280 ratios >1.9, and 28S/18S ratios around 2 in agarose gel electrophoresis were used for further study. Total RNA (1 μg) was subjected to reverse transcription reaction using the RT 2 First-Strand Kit (Qiagen). Then, the first-strand complementary DNA synthesis reaction mixture was used for real-time PCR using RT 2 SYBR Green ROX qPCR Master Mix (Qiagen) and the custom-made 96-well PCR arrays in a Stratagene Mx3000p PCR detection system.
Statistical Analysis
For biochemical analyses, data were analyzed by one-way ANOVA or unpaired two-tailed t tests, followed by Tukey's post hoc tests, using GraphPad. For body weight measurement, fall latency on Rotarod, distance traveled in the open field and distance traveled during water maze training, repeated measures two-way ANOVA with Fisher's least significant difference (LSD) post hoc tests were performed using STATVIEW. For the rest behavioral measurements, one-way ANOVA with Fisher's LSD post hoc tests were performed. Data generated from RT 2 Profiler PCR Array were analyzed using Qiagen's web-based PCR array data analysis system (http://pcrdataanalysis.sabiosciences.com/pcr/arrayanalysis. php), which is based on ΔΔC t comparative method and unpaired two-tailed student t test. All data are presented as means ± SEM, and p < 0.05 was considered statistically significant.
Results
STZ Exacerbates Cognitive Deficits in 3xTg-AD Mice
During the study, we monitored the general condition daily and weighed the mice once a week. We found that the icv STZ killed 31 % of the 3xTg-AD mice (Fig. 1b) . Seven out of 29 3xTg-AD mice died within the first week after icv STZ injection, and 2 mice died in the following 2 weeks. In contrast, no WT or 3xTg-AD mice that received saline injection died. All mice experienced some loss of weight during the first week after icv injection (Fig. 1c) . However, the body weights of the 3xTg-AD mice with saline injection (3xTg-saline mice), but not those with icv STZ (3xTg-STZ mice), were recovered.
Before analyzing cognitive functions, we first evaluated general behavior of the mice. Rotarod tests indicated that the 3xTg-AD mice had a much better performance, indicating a better motor coordination and balance, than the WT mice (Fig. 1d) , which is consistent with previous studies [6] . Treatment of the 3xTg-AD mice with STZ slightly impaired their Rotarod performance. We also measured the spontaneous locomotor and exploratory activity of the mice in the open field test. We found that the 3xTg-STZ mice spent less time in the central area of the open field arena and traveled a longer distance than the 3xTg-saline mice (Fig. 1e, f) . These results indicated that icv injection of STZ caused a higher level of anxiety in the 3xTg-AD mice. Consistently, the 3xTg-STZ mice spent less time in the open arms of the elevated plus maze (Fig. 1g) , which is the most widely used test for measuring the anxiety-like behavior in rodents [50] based on animal's unconditional response to a potentially dangerous environment. Figure 1g also indicates that icv injection of STZ aggravated the anxiety level of the 3xTg-AD mice.
To examine the short-term memory that depends on the entorhinal cortex, hippocampus, and frontal cortex [11, 19, 20] , we conducted one-trial object recognition test with 15-min interval between the sample phase and the test phase. We found that all mice explored the two identical objects equally during the sample phase (Fig. 2a) . As expected, we observed that the 3xTg-saline mice spent less time exploring the novel object than the WT-saline mice, as shown by a decreased discrimination index (Fig. 2b) , indicating the short-term memory impairment of the 3xTg-AD mice. The 3xTg-STZ mice had an even smaller discrimination index than the 3xTg-saline mice, indicating that STZ exacerbates the short-term memory impairment in 3xTg-AD mice.
The spatial reference learning and memory of the mice was evaluated using Morris water maze test. We found that all mice were able to learn the platform location during the training period, as evidenced by a decrease in distance traveled (Fig. 2c ) and in latency (data not shown) to locate the submerged platform. However, the learning curves indicate that the 3xTg-saline mice traveled a longer distance and spent a longer time (data not shown) than the WT-saline mice to find the platform (Fig. 2c) , suggesting an impairment of the 3xTg-AD mice to encode and remember the spatial coordinates of the platform within the environment. STZ injection exacerbated this impairment. Retrieval of spatial memory was more specifically analyzed with the probe trial performed 24 h after the last training trial. Memory performance was determined by the number of the former platform site crossings, percentage of time spent at the platform site, and the percentage of time/distance animals spent/ traveled in the target quadrant. We found that the 3xTg-saline mice crossed the former platform site much less and spent much less time in the platform site than the WT-saline mice, and the 3xTg-STZ mice made the least number of crossing and spent the least time (Fig. 2d, e) . These results indicated that STZ exacerbates the impairments of spatial reference learning and memory of the 3xTg-AD mice. The 3xTg-STZ mice also showed a slightly lower swim speed than the WT-saline and the 3xTg-saline mice (Fig. 2f) .
STZ Increases Tau Phosphorylation in 3xTg-AD Mice
Mainly as the consequence of overexpression of tau P301L , the 3xTg-AD mice develop hyperphosphorylation and aggregation of tau and the formation of NFTs in a time-dependent manner. To determine whether the icv injection of STZ worsens tau pathology, we studied tau phosphorylation in the 3xTg-AD mouse brains. As expected, we found fourfold more total tau protein in the hippocampus of the 3xTg-AD mice as compared to the control WT mice, as detected by polyclonal tau antibody R134d (Fig. 3a, b) , which recognizes both human and murine tau in a phosphorylation-independent manner. When the levels of tau phosphorylated at various individual phosphorylation sites were determined by a battery of phosphorylation-dependent and site-specific antibodies, we found marked increases in the levels of phosphorylated tau in the 3xTg-AD hippocampus (Fig. 3b) . Furthermore, we found that icv STZ treatment of the 3xTg-AD mice further increased the level of tau phosphorylated at Ser199/202, Ser262/356 (12E8 sites) and Ser422 (Fig. 3a, b) , as well as the net phosphorylation of tau at these sites, the latter of which was calculated after normalization with the total tau level (Fig. 3c) . Immunohistochemically, the increase in the phosphorylated tau was seen both in the hippocampus and the cerebral cortex, and STZ treatment exacerbated tau pathology in these brain areas, especially in the CA1 sector of the hippocampus and the dentate gyrus (Fig. 3d) . These results indicate that STZ treatment exacerbates tau phosphorylation at some AD-relevant hyperphosphorylation sites in the 3xTg-AD mice. Because the 3xTg-AD mice do not develop NFTs in the brains at this age [12, 42] , we did not investigate the insoluble fraction of Tau.
STZ Alters Aβ Level in 3xTg-AD Mice
We investigated the effects of icv STZ on Aβ and APP levels in the hippocampus of the 3xTg-AD mice. We found that the levels of both total human Aβ 1-42 and Aβ , as determined by ELISA, were lower in the hippocampus of the 3xTg-STZ mice than the 3xTg-saline mice, although the decrease in Aβ 1-42 did not reach statistical significance (Fig. 4a, b) . The STZ treatment reduced the Aβ 1-40 level by 42 %. However, the ratio of Aβ 1-42 /Aβ was not altered by STZ injection (Fig. 4c) . Because the 3xTg-AD mice do not develop amyloid plaques in the brains until they reach the age of 18 months [42], we could not investigate amyloid plaque pathology in this study. To elucidate whether the decrease in Aβ peptides with STZ treatment results from altered APP expression, we determined the level of APP by Western blots with antibody 6E10 and found that STZ did not significantly affect the APP level in the hippocampus of the 3xTg-AD mice (Fig. 4d, e) .
STZ Alters Synaptic Proteins in 3xTg-AD Mice
Synaptic plasticity is regulated at the pre-synaptic site by changing the release of neurotransmitter molecules and at the postsynaptic site by changing the number, types, or properties of neurotransmitter receptors and their interactions with postsynaptic scaffold proteins. Therefore, we studied alterations of pre-and postsynaptic proteins in the mouse hippocampus, including synaptophysin (Syp), a presynaptic marker, and postsynaptic density 95 (PSD95), a postsynaptic marker, as well as the AMPA receptor subunits (GluR1 and GluR2/3) and the N -methyl-D-aspartate (NMDA) receptor NR1. We observed no statistically significant differences in the levels of any of the synaptic proteins in the hippocampus between the 3xTg-saline mice and the WT-saline mice, as determined by Western blots (Fig. 5a, b) . However, we found that STZ treatment reduced the levels of synaptophysin and PSD95 in the 3xTg-AD mice. These reductions were confirmed by immunohistochemical studies (Fig. 5c) , which also demonstrated the reduction in the cerebral cortex. It is interesting to note that STZ treatment appeared to increase the AMPA receptor subunits in the 3xTg-AD mice, although only the increase in GluR2/3 reached a statistical significance (Fig. 5a, b) . Taken together, these results suggest that icv STZ caused deregulation of synaptic proteins and glutamate receptors in the 3xTg-AD mice, which might disturb synaptic plasticity and underlie the more severe cognitive impairment observed in the 3xTg-STZ mice.
STZ Promotes Neuroinflammation in 3xTg-AD Mice
Neuroinflammation has been implicated in AD, and agedependent inflammatory response has been reported in the 3xTg-AD mouse brain [9, 33, 42] . To investigate the effects of STZ treatment on neuroinflammation in the 3xTg-AD mice, we studied glial fibrillary acidic protein (GFAP, an astrocyte marker) and ionized Ca 2+ -binding adaptor molecule-1 (Iba1, a microglial marker), which are the commonly used markers for glial overactivation and neuroinflammation. In consistent with previous observations, we observed significant increase in both GFAP and Iba1 levels in the hippocampus of the 3xTg-saline mice as compared to the WT-saline mice (Fig. 6a, b) , indicating glial overactivation and neuroinflammation. The treatment with STZ further increased the GFAP and Iba1 levels markedly, suggesting STZ's role in promoting neuroinflammation. Immunohistochemical studies indicated that the overactivation of astrocytes and microglia were restricted in the hippocampus of the 3xTg-AD mice (Fig. 6c) . However, STZ treatment not only promoted neuroinflammation in the hippocampus but also induced it throughout the brain in 3xTg-AD mice. Thickened and retracted processes and enlarged soma of both astrocytes and microglia were obvious in the brains of the STZ-treated 3xTg-AD mice (Fig. 6c) . Brain insulin resistance and insulin deficiency has been observed in AD, and the deficiency worsens with the disease progression [14, 37] . We recently observed a dysregulation of brain insulin/insulin-like growth factor-1 (IGF-1) signaling in the brain of both 3xTg-AD mice and icv-STZ mice [9, 10] . Therefore, we studied the levels and the activation of each component of the signaling pathway, including insulin receptor (IR), insulin-like growth factor-1 receptor (IGF-1R), insulin receptor substrate-1 (IRS-1), Phosphatidylinositide 3-kinases (PI3K), 3-phosphoinositide-dependent protein kinase-1 (PDK1), protein kinase B (AKT), and glycogen synthase kinase-3 (GSK-3). The activation status of these components was assessed by measuring the phosphorylation level of these proteins because their activities are dependent on phosphorylation at specific sites. As observed previously, we found an upregulation of several upstream components (IRS1, IRS1 pS307, PI3K p85, and P-PI3K p85) and a downregulation of several downstream components (PDK1, PKD1 pS241, AKT, AKT pS473, and GSK-3α/β) of the insulin/IGF-1 signaling pathway in the 3xTg-AD mouse brain (Fig. 7a, b) . Overall, the STZ treatment exacerbated these alterations.
When the phosphorylation of each component of the insulin/IGF-1 signaling pathway was normalized with the level of the corresponding protein, we found an increase in phosphorylation of AKT and GSK3 in 3xTg-AD mice, which was further enhanced by the STZ treatment (Fig. 7c) .
STZ Alters Expression of AD-Related Genes in 3xTg-AD Mouse Brain
We studied the effects of the STZ treatment on gene expression in the 3xTg-AD mouse brains using a customized RT 2 Profiler PCR Array, which included a total of 84 AD-related genes of seven categories (Supplementary Tables S1-S8) . Among these 84 genes, we found altered expression of approximately 20 genes in the 3xTg-AD mouse brain previously [10] . Here, we found that the treatment with STZ altered the expression of four genes (Ide, Fos, Tsc2 , and Bax) in the hippocampus (Fig. 8a ) and of 13 genes in the cerebral cortex (Fig. 8b ) of 3xTg-AD mice. These altered genes included those related to APP processing (Ide , Ctsb , Aph1a , and Mme), cytoskeleton (Mapt and Nefm), glucose metabolism and insulin/mTOR signaling (Tsc2 , Slc2a4 , Grb2 , and Pdpk1 ), synaptic function (Ache and Chat ), protein kinases (Mapk8 and Capn2 ), and apoptosis (Fos, Bax , and Bad ) (Supplementary Tables S2-S8 ). These results suggest that icv STZ disturbs multiple metabolic and cell signaling pathways in the 3xTg-AD brain.
Discussion
AD is multifactoral, including various genetic, epigenetic, metabolic, and environmental causes. One common early abnormality in AD is the impairment of brain glucose uptake/metabolism, which occurs many years before the first symptoms appear, raising the possibility that this impairment either is a cause of or is mechanistically involved in AD. In the present study, we treated 6-month-old 3xTg-AD mice (the age before the mice develop typical AD pathologies) with icv STZ and found that the brain administration of STZ exacerbated memory deficits, as well as several AD-related brain abnormalities in the 3xTg-AD mice. Administration of STZ into the brain of WT mice also causes learning and spatial memory deficits, neuroinflammation, altered synaptic proteins and insulin signaling, and hyperphosphorylation of tau in the brain [9] . Taking together, these findings provide experimental evidence demonstrating the role of brain metabolic insult in AD.
STZ is a diabetogenic compound that is commonly used to produce animal models of diabetes. When administrated intraperitoneally in high doses (45-75 mg/kg), STZ causes the death of insulin producing/secreting pancreatic β cells and induces type 1 diabetes. The pancreatic β cells are most vulnerable to STZ because it enters cells mainly through glucose transporter 2 that is most highly expressed on the plasma membrane of the β cells [63] . Low doses (20-60 mg/kg) of STZ given intraperitoneally in combination with high-fat diets cause insulin resistance and type 2 diabetes [7] . Both type 1 and 2 diabetic animals produced by peripheral administration of STZ show some aspects of brain abnormalities, including tau hyperphosphorylation, as seen in AD brain [32, 51, 71] . Planel et al. demonstrated that the peripheral STZ induces tau hyperphosphorylation through two distinct mechanisms-one is consequent to hypothermia and induced by impaired glucose/energy metabolism, and the other is inherent to insulin deficiency and induced by inhibition of protein phosphatase activities [51] . Increased tau phosphorylation and deregulation of insulin signaling are also seen in the brains of individuals with diabetes [36, 37] . The mechanism of central STZ action and its target cells/molecules have not yet been clarified but a similar mechanism of action to that in the periphery might be possible. Glucose transporter 2, which is also expressed in the mammalian brain [2] , may also be responsible for the STZ-induced effects in the brain. Our previous [9] and the present studies indicated that STZ causes neuroinflammation, altered synaptic proteins and insulin signaling, and increased hyperphosphorylated tau in the brain.
Progressive memory loss and dementia are the dominant clinical symptoms of AD. The 3xTg-AD mice develop agedependent memory loss, which starts in 5-6-month old animals [12, 23] . As expected, we observed significant impairment of short-term memory and spatial reference memory in the 3xTg-AD mice at the age of 7-8 months, as determined by one-trial object recognition task and Morris water maze test. STZ exacerbated both memory deficits one month post administration of this compound. In addition, the STZ treatment aggravated the anxiety level of the 3xTg-AD mice and caused some loss of body weight. At the age of 7-8 months, the 3xTg-saline mice had zero mortality, and the surgery itself did not cause any death of the animals. However, the 3xTg-STZ mice had approximately 30 % mortality. Because the same dose STZ injection did not kill any WT control mice, icv STZ might have added neurotoxicity onto the 3xTg-AD mice and increased the mortality. Neurotoxicity of central STZ was reported previously [43] .
The 3xTg-AD mice develop numerous NFTs after they reach the age of 12 months, but hyperphosphorylation of tau occurs at a much earlier age [9, 42, 47] . The present study demonstrated elevated tau that was phosphorylated at multiple AD-related phosphorylation sites in the 3xTg-AD mice at the age of 7-8 months. The icv STZ administration further increased the accumulation of tau that was phosphorylated at several of these sites. These results suggest that the central STZ exacerbates tau pathology in the 3xTg-AD mice. These findings are consistent with previous reports showing an increase in tau phosphorylation after icv administration of STZ in rodents [9, 17, 24] .
Deposition of Aβ peptides into amyloid plaques is one of the hallmark pathologies of AD, but whether Aβ accumulation is a cause of neurodegeneration and memory loss is still under debate. Although icv STZ administration exacerbated both short-term memory and spatial reference memory, we found that it lowered, rather than increased, both Aβ 1-42 and Aβ in the brain of the 3xTg-AD mice. These results indicate that the STZ-induced worsening of cognitive function observed in the present study is unrelated to brain Aβ level. The STZ-induced reduction of Aβ might result from reduced processing from APP into Aβ or increased Aβ turnover, or both, because the APP level was not altered by icv STZ administration. We recently found that icv STZ administration reduces the expression of presenilin 1, the catalytic subunit of γ-secretase, in the mouse hippocampus [10] . Thus, icv STZ might have led to reduced Aβ production in the mouse brain. Because STZ induces marked glial activation in the brain [9, 53, 56] , it is also likely that the activated astrocytes and microglia had helped the clearance of Aβ in the 3xTg-AD brain. It is well known that these glial cells help the clearance of Aβ [26, 68, 69] . It should be noted that the Tg2576 mice, which overexpress mutated APP in the brain, show increased aggregation and level of Aβ as well as exacerbation of memory deficits 6 months after icv administration of STZ [52] . It appears that icv STZ administration may first decrease (as we observed 6 weeks after STZ injection) and then increase Aβ level. Future studies of the expression and processing of APP and the degradation of Aβ of the mouse brains at various periods of time after icv STZ administration may reveal the mechanism of this possible dynamic change of Aβ.
We also noticed that the human Aβ 1-42 /Aβ 1-40 ratio was approximately 1.5 in the 3xTg-AD brain, which is consistent with previous studies showing higher level of Aβ 1-42 than Aβ in the 3xTg-AD mouse brains at the age of 6-9 months old [41] . Much higher levels of Aβ 1-42 than Aβ are also seen in the brains of AD patients [66] .
Synaptic dysfunction and loss are known to occur at early stage of AD and correlate with cognitive severity better than amyloid plaques and NFTs [1, 16, 59, 65] . At 6 months of age, deficits in long-term potentiation are already apparent in the 3xTg-AD mice [48] , although synaptic loss, as evidenced by levels of synaptophysin and PSD95, was not obvious. We observed that the icv STZ treatment reduced the levels of both synaptophysin and PSD95 in the hippocampus of the 3xTg-AD mice, suggesting a substantial loss of synapses caused by STZ. The effects of STZ on synapses might underlie its activity to exacerbate the memory deficits of the 3xTg-AD mice. The STZ-induced reduction of synaptophysin and PSD95 was unlikely due to decreased expression because no reduction of the messenger mRNA levels was observed by quantitative PCR array. We also investigated the levels of AMPA receptor subunits (GluR1 and GluR2/3) and the NMDA receptor NR1, which mediate synaptic transmission and plasticity [34, 39] . Unlike a recent study showing that STZ decreased the level of GluR1 in the rat hippocampus [60] , we did not observe such a reduction. Fig. 8 Effects of icv STZ on the expression of AD-related genes in the 3xTg-AD mouse brains. Only those genes whose relative expression levels were significantly different (p <0.05) between the 3xTg-saline mice and the 3xTg-STZ mice are shown Neuroinflammation, as reflected by activation of microglia and astrocytes, is believed to be involved in the pathogenesis of AD [70] . Epidemiological studies have demonstrated that anti-inflammatory drug use reduces the risk or delay the onset of AD [70] . Although the exact trigger of neuroinflammation in AD brain remains elusive, its interactions with Aβ and tau, as seen in both AD brain and animal models, may promote the progression of the AD pathology [3, 68] . In consistent with a previous study [42] , we also observed activation of both microglia and astrocytes in the hippocampus of 3xTg-AD mice. After icv administration of STZ, a very marked increase in microglia and astrocytes was observed not only in the hippocampus but also in the cerebral cortex, cerebellum and brain stem. These results are consistent with marked glial activation in the brain of non-Tg rodent model produced by icv STZ administration [9, 53, 56] . The lack of region specificity of STZ-induced neuroinflammation was mainly because STZ reached the whole brain with the circulation of CSF after icv injection. This might also explain the impaired performance of the 3xTg-STZ mice on the Rotarod and the reduced swim speed in Morris water maze, which might have resulted from STZ-induced compromised cerebellum function.
Decreased brain glucose/energy metabolism has been established in AD decades ago. We recently found disturbed brain insulin signaling in AD [37] , which may partially explain the decreased brain glucose/energy metabolism. In the present study, we found that brain insulin signaling was also disturbed in the brains of 3xTg-AD mice. The icv administration of STZ further exacerbated the dysregulation of insulin signaling in the mouse brain. Intranasal insulin treatment was reported to improve cerebral glucose metabolism and cognition both in rodents and in AD and mildly cognitively impaired adults [13, 21, 22, 40, 54] . STZ's exacerbation of the disturbance of brain insulin signaling could therefore be responsible for the worsened cognitive impairment we observed in the 3xTg-STZ mice. It is worth to note that in the brains of 3xTg-AD mice, several upstream components (IRS1, IRS1 pS307, PI3K p85, and P-PI3K p85) of the insulin signaling pathway were found to be upregulated, whereas several downstream components (PDK1, PKD1 pS241, AKT, AKT pS473, and GSK3α/β) downregulated. The upregulation of the upstream components may result from a compensatory response to the STZ-induced downregulation of the downstream signaling and is consistent to a previous study showing elevated tyrosine kinase activity of IR in the icv-STZ rat brains [24] .
Epidemiological studies have demonstrated that diabetes is a risk factor for AD [35, 61] . Periphery administration of STZ to induce peripheral insulin deficiency (i.e., type 1 diabetes) disturbs brain insulin signaling and promotes Aβ production, neuritic plaque formation, and spatial memory deficits in transgenic AD mouse models [18, 67] . AD-like brain abnormalities are also seen in rodents with experimental insulin resistance and type 2 diabetes [27, 71] . Therefore, it appears that the peripheral metabolic insults may also affect the metabolism in the brain and promote neurodegeneration.
In conclusion, we demonstrated that the central administration of STZ exacerbated impairment of short-term memory and spatial reference memory in 3xTg-AD mice. The STZ treatment also resulted in an increase in tau hyperphosphorylation and neuroinflammation, a disturbance of brain insulin signaling, a decrease in synaptic plasticity and amyloid β peptides, and altered expression of 20 AD-related genes in the brains of 3xTg-AD mice. These findings demonstrate the role of metabolic insult in AD pathology in vivo.
